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Nuclear blast effects on.electronic equipment
outside of the heat and blast zones

can be overcome. Methods such as shielding,
component replacement, circuit design,

and advanced circuit concepts can be used

to make the equipment radiation resistant.

The problem can be attacked in the same manner
as for thermal or vibrational environments,

HE design and pamging of electronic equipment

for operation in a nuclear environment can be con-
sidered no different than the design for thermal or
vibration environments. To provide a reliable design,
the designer needs only the information on how the
electronic equipment reacts to the nuclear exposure
and a suitable means for including this in the design
of equipment.

The available techniques to reduce the effects of
radiation on equipment are:

1. Shielding from the radiation environment.

2. Replacement of vulnerable components.

3. Circuit design and packaging concepts which re-
duce the effect of a nuclear environment on circuit

| Design
and Packaging
for Nuclear
Exposure

By Dr. GLENN L. KEISTER

Chief, Radiation Effects Unit
Physics Technology Dept.
Aero-Space Div.

The Boeing Co.

P.O. Box 3707

operation,

4. Advanced circuit design concepts which allow the
cirenit designer to more fully understand the inter-
action of radiation with the circuit and optimize the
design of his circuit for a particular nuclear environ-
ment.

Several aspects of these various methods will be
discussed and examples given of their effectiveness.

Shielding

Shielding, to reduce the radiation environment, is
most effective for those radiations which interact
strongly with bulk material, As was indicated by
Crittenden,! the reduction of the intensity of charged
particle radiation, such as occurs in space, can be
accomplished with much less massive shields than for
neutrons or gamma rays of the same energy. Low
energy charged particle space radiation can be simply
shielded against for most applications. A thin quartz
shield plate on space satellite solar cells can extend the
life of the solar cells by months or years. This depends
on the satellite orbit and the equipment power demand.
Fig. 1 shows the mass of material in grams/em? that
is penetrated by protons of a given energy. As is seen,

CPYRGHT Seattle 24, Wash. a layer of quartz 1 gram/cm? thick will stop protons
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are found in the Van Allen radiation belts,
. Fig. 1 (L) Range-energy curves are shown for protons in several different materials.
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To shield electronic equipment m neutrons or
gamma rays, it is necessary to use much heavier and
thicker slabs of material. The need for such shielding
is generally associated with the protection requirad
for equipment working near a nuclear reactor or
nuclear weapon detonation. Assuming the spectrum
of gamma rays and neutrons associated with the fis-
sion reactions, the reduction of gamma rays as a func-
tion of distance in lead is shown in Fig. 2. Since it is
difficult to separate the neutrons and gamma rays from
a fission reaction, the neutron and gamma intensity
in a typical reactor concrete shield is shown in Fig. 3.
For an order-of-magnitude reduction in the neutron
and gamma radiation flux, a considerable mass of
material is required. This type of shielding is general-
ly only practical for ground-based installations, or
where it is necessary for equipment to work near &
reactor in an aerospace vehicle, such as a nuclear
rocket or nuclear-powered satellite.

Some consideration has been given to the shiclding
provided by the components themselves. As is geen
from the above, it is easy to use component configura-
tions which will ghield against low energy electrons
and protons. However, shielding against gamma rays,
neutrons, or high energy protons is much more diffi-
cult, and only if large volumes of equipment, fuel, or
food are used could this be done. Many novel shield-
ing concepts have been proposed for space vehicles.
Most of these concepts depend on multipurpose use
of shiclding material.

Component Replacement

One common method of building equipment, which
will withstand a nuclear environment, is to replace
those components which are susceptible to nuclear
radiation and retain those components which are not.
Often this type of design technique can be used to
construct electronic equipment which will withstand
fairly large amounts of radiation. Fig. 4 shows some
of the tolerance ranges for electronic equipment that
is susceptible to permanent damage. Damage results
from atomic displacements caused by fast ncutron
bombardment.

The reader is referred to the articles in this series? 2
for a discussion of interactions of radiation with ma-
terial and radiation units. In Fig. 4 the cross-hatched
area shows where the components are affected but
still can be used. The solid line indicates where the
component is damaged beyond use. The letters on the
right side of the chart indicate the reliability of the
information. “A” indicates good design information,
“B” indicates partial design information, and “C”
indicates fragmentary information. Fig. 5 shows the
components which are susceptible to ionization type
damage or total absorbed energy. Fig. 6 shows those
components which are susceptible to the radiation
dose rate or flux. This type of effect is generally
thought of as transient radiation which is related, in
many instances, to nuclear weapon detonations. The
same letter code is used on Fig. 5 and Fig. 6, except
on Fig. 6 an arrow indicates the onset of the transient
radiation effect.

From these figures we see that many of the com-
ponents are quite susceptible to radiation whereas

others are quite resistant, and that an order-of-mae-
GGI68YS - ¢
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nitude savings in the radiation tolerance can be ob-
tained by sclecting the proper components. A good
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People engaged in radiation effects testing work
have discovered many rules of thumb that can be used
to reduce the radiation susceptibility of their test

T ” T T T T : T
circuit design application. The rules apply to the par-
ticular type of environment considered and they must
not be applied indiscriminately to all environments.

For a transient radiation effects environment, where
very high radiation rates are encountered, it is quite
common to cover all electronic leads that are exposed
to air with some suitable potting compound, such as
wax or gilastic. This reduces the effects of air ioniza-
tion. If the potting compound has a substantial thick-
ness, the effect of Compton scattering from the elec-
tronic component material is also reduced. This reduc-
tion in Compton scattering is accomplished by the fact
that Compton electrons are scattered into the com-
ponents from the potting compound, as well as out of
the component. Tn a reactor environment where the
radiation rates are much lower, this technique man
not be desirable due to the permanent radiation dam-
age that could vecur in the potting material itself if
an organic potting material is used.

Another example which is of interest for a transient
radiation environment is the construetion of circuits
which are tolerant to noise. The transient radiation
pulse in electronic circuits can be quite similar to a
noise pulse induced by an ordinary electrical transient.
If a circuit is tolerant to noise pulses, the probability

CPYRGHT

Nuclear Packaging (Confinued)
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example of this type of work is given by Blair, et al.,3
where a transistor amplifier circuit was constructed
which would withstand a total radiation dose of 101
nvt. However, in many instances there are upper
limits on what range of radiation dose can be tolerated
by certain types of equipment. For example, 101 nvt
is probably an upper limit for present day transistor
configurations. Other components, such as infrared
detectors and organic dielectric materials also have
limited usefulness, as shown in Figs. 4 through 6.

One method of overcoming component limitations is
to investigate new design concepts. For example, in
solid state components the tunnel diode appears to
have a higher intrinsic radiation damage level than
normal transistors. It should also be noted that vac-
uum tube components, particularly ceramic vacuuni
tubes, have a very high permanent damage eapability.
They are also more resistant to transient radiation
effects than are semiconductor devices, except perhaps
the tunnel diode.

Fig. 7: Plot of Ecux versus dose rate of a 2D21 Thyratron tube.

At 8. o0 V4 of malfunction due to transient radiation-induced

Points represent the precise coordinates pulses will be low, It is also desirable in many in-

Jube fire "m}awm data // stances to kegp impedances low. For examplfs, when a

Cluster data / vacuum tube is exposed to a radiation pulse, it appears

[ R b /D 4 R as if a eurrent generator having a strength ¢, = ay is
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oy b B P{ « 4 : « (Where v is the radiation ra‘te in r/sec and a is

R w B wbb%‘?? < “1 < 4 x 1018 gmp-sec/+ for a 7686 RCA nuvistor.) When
2 Po 4/. < ' the grid impedance is low, the voltage output of the
k3 p < ‘j‘/ 4 < tube will be small. If the input impedance is high, the
5 > radiation-induced output will also be high. It is also
of FIRED possible to increase the radiation rate at which thyra-
0.4V /V 4 a trons will trigger by biasing the thyratron grid more

< negatively. The grid bias characteristics for the 2D21

) | L | are shown in Fig. 7 as obtained by IBM,* where F,.;

|o'7-" 108 10° 10° is the excess grid bias above the voltage at which the

GAMMA DOSE RATE in ergs/gm (¢) - SEC, tube normally fires.

Another aspect of radiation damage, particularly

Fig. 8: Simulated and actual response of amplifier circuit. permanent damage to components, is that if the reduc-
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tion in the performance of the component is known,
circuit feedback can be used to reduce the effect of
degradation of the component. This is a common
technique. It has been used by Boeing designers to
decrease the effect of the transistor gain reduction in
transistorized circuits., The reduction in the gain of
transistors due to neutron radiation is well known.5 ¢
It can be predicted easily within a factor of two for
most transistor types. Once this degradation is
known, it is very easy to apply standard design tech-
nigques and obtain transgistor cirenits which will have
a usable output over a known radiation tolerant range.

Advanced Circuit Design Concepts
A new desxgn concept 1s being developed at Boeing®
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radiation environment on equipment. The essential
feature of this technique is the use of an analog com-
puter. The computer simulates both the radiation
environment and the response of the electronic com-
ponents to the radiation environment. The response
of simple transistor circuits to a critical assembly
pulsed environment has been successfully predicted
(Fig. 8). As this technique is developed and expanded
to include other components and other types of en-
vironments, it should prove valuable in predicting the
response of circuits to any arbitrary radiation-pulsed
environment,

Summary

1t has been shown that the methods of designing
and packaging electronic equipment can be used to
substantially reduce the effects of nuclear radiation.
These techniques are in use or have been developed,
and newer concepts should be available soon. Using
these techniques, it will be possible to design electronic
equipment which will funetion in radiation environ-

ments higher than normal electronic circuit design
techniques would allow. The design engineer should
be mindful of this problem, When he recognizes the
possibility of a radiation environmental problem he
should consult either the literature or persons com-
petent in this field for aid. In so doing, he should be
able to solve his electronic design problems.
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More and more requirements for greater equipment reliability are
being made. One of these is for more nuclear radiation tolerant equipment.

To achieve this the engineer needs to know how radiation affects materials and
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By J. R. CRITTENDEN

Consultant-Radiation Effects
General Electric Co.

316 East 9th St.
Owensboro, Ky.

Basic Effects

of Nuclear Radiation

FTER learning how to build eclectronic equipment

to survive drop tests, shake tests, temperature ex-
tremes, and mishandling (to mention only a few con-
temporary environmental requirements), the designer
of electronic equipment is being given a new problem.
The increasing efforts to use nuclear energy as a
power source and to explore space are combining to
make the effects of nuclear radiation an important
design consideration for electronic equipments. To
meet the challenge to build reliable, radiation tolerant
electronic equipment, the designer needs to know how
radiation affects materials and electronic devices, how
it is measured, where it comes from, and what it is.
Let’s consider this last question first.

Nuclear radiation is a flow of particles or electro-
magnetic waves, or both, which originated in an
event that involved an atom’s nucleus. When these
particles flow into or through a material of interest,
some or all of them interact with the atomic struec-
ture. Radiation effects are the results of these inter-
actions.

Nuclear radiation may consist of charged particles,
a neutral particle, electromagnetic waves, or any com-
bination of these. Charged particles have both mass
and an electrical charge. They range from the beta
ray, an electron emitted with high energy from the ex-
cited nucleus of an atom, to fission fragments which are
the heavier nuclei produced in the fission of uranium,
Protons (hydrogen nuclei) and alpha particles (helium
nuclei) are two of the more frequently discussed ex-
amples of charged particles. To the designer of elec-

tronic equipment, there is only one neutral particle
of interest, the neutron, which has mass but does not
have an electric charge. Electromagnetic waves which
emanate from a nucleus (as opposed to those which
are produced by an excited electron falling to an orbit
of lower cnergy) are called gamma rays and are
gimilar to x-rays. They have no mass and are un-
affected by either magnetic or electric fields.

Penetrability

Because charged particles carry one or more unit
electrical charges, they are affected by both electrical
and magnetic fields. The fields which exist about each
atomic nucleus repel all but the most energetic charged
particles. Even though a collision, in the physical
sense, between a charged particle and a nucleus does
not usually ocecur, the interaction between the fields
of the charged particle and the nucleus takes energy
from the motion of the charged particle. Charged
particles also give up energy to electrons as they pass
near them. As a result of the frequent interactions,
charged particles follow a tortuous path and do not
have long ranges in most materials. In other words,
they do not penetrate deeply and give up their energy
near the surface of most materials. Charged particles,
however, may produce serious effects over short dis-
tances.

Neutrons and gamma rays, which are unaffected
by the fields that surround nuclei, have very long
ranges and do penetrate deeply, even in dense mate-
rials. Because they are difficult to stop, or absorb in
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rays, but do not have the same range and do not,
then, tend to escape the system.

The protons of the lower Van Allen belt have rela-
tively high energy and penetrate the entire system.
The proton paths arc easily observed by the ionization
they produce. When a proton from the lower Van
Allen belt interacts with a nucleus, it may transfer
several million electron-volts. The nucleus with which
the proton collides is displaced and usually has enough
energy to displace many other nuclei. One proton
interaction may bring about a series of displacements
and create a small zonc of intense ienization. The
energy introduced into the system is transferred
throughout the system as it diffuses to thermal equi-
librium. (Radiation does add energy to a system and
can be detected by ohserving the temperature rise.)
Thus, one high energy proton may produce a zone of
intense ionization and displacement, and a general in-
crease in ionization in the system.

If the proton interaction occurred in an inorganic
ingulator (an ionic compound), the change in conduc-
tivity it produces is probably insignificant and there
are few permanent effects. If it interacted in an
organic material, the change in conductivity is prob-
ably not detectable, but permanent effects are pro-
duced. In a semiconductor, the proton interaction
may produce noticeable changes which are permanent
because displacements appear in the structure. The
sum of these individual events is the effect of nuclear
radiation.

There are many other types of radiation effects,
such as photo-voltaic currents or F-center generation,
which are beyond the scope of this discussion. These
effects are present in- all irradiations, and in many
cases complicate the design of radiation tolerant elec-
tronic equipment. Fortunately, in designing radiation
tolerant electronic equipment, most of the other effects
may be neglected,

In most practical instances, the radiation intensity
is relatively low, which means transient effects are
negligible; or when the intensity is high, the time
duration of exposure is short; and permanent effects
may be disregarded. Few applications combine both
high intensity and long exposure.

Measuremenis

To desigh rveliable, radiation tolerant clectronic
equipment, it is vitally necessary to define the con-
tent, spectrum and magnitude of the radiation field.
The penalties for over-design may be quite costly.
Useful materials and components may be abritrarily
eliminated. The penalty is, however, just as costly
when weak materials and devices are selected. Be-
cause there is a considerable amount ef radiation
effects information available, definition of the antici-
pated environment enables the designer to choose
electronie components intelligently.

Nuclear radiation is detected and meagured through
one of APPFRVEREOLRalRasE 2000i08538
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duces conductivity changes. These may be observed
with an electric circuit. Displacing radiation trans-
fers energy to other particles which may be observed.
Transmuting radiation is measured by observing the
particles and energy released, or by chemical analysis.

The geiger counter is probably the most familiar
instrument for detecting and measuring nuclear radia-
tion. It is a special form of an ionization chamber,
which is a container filled with a gas, having electri-
¢al connections geometrically arranged so that the
clectrons and ions, generated by the passage of ioniz-
ing radiation, may be converted into electric current.
The output signal, then, is directly proportional to
the intensity (dose rate) of the field.

The amount or time integral (total dose) of ioniz-

ing radiation may be obtained by integrating the out-

DEFINITIONS

beta rays high energy electrons ejected from a
nucleus

protons hydrogen nuclei

alpha helium nuclei

patticles

gamma rays similar to x-rays, electromagr]eti'c waves

(photons) (packets of gamma rays which behave
as particles)

neutrons neutral particle with about the same
mass as protons

Roentgen a quantity of ionizing radlation which
will produce 2.083 x 10° ion pairs per
cubic centimeter of STP air or deposit
83.8 ergs per gram of STP air.

Roentgen the intensity of a field of ionizing radi-

per hour ation which will deliver one Roentgen
per hour

Rep Roentgen equivalent physical (93 ergs
per gram of tissue equivalent)

Rem Roentgen equivalent mammal (that
quantity of ionizing radiation which will
produce biological damage equivalent
to one Roentgen of X-rays).

Rad a unit of absorbed energy (100 ergs
per gram) ’

ergs/gram the preferred measurement of absorbed

(carbon) dose (a standard ionization chamber is
used which is made of carbon and car-
bon dioxide).

nv neutrons of energy E crossing a sphere
of unit cross-sectional area per second,
neutron flux (neutrons per square cen-
timeter per second)

nvt the time integral of neutron flux (neu-
trons per square centimeter)

flux the flow of radiation

dose absorbed energy

dose rate the rate of radiation or intensity

Mev million electron-volts '

barn 10 centimeters® (a measure of the
probability that a nuclear interaction
will occur)

cosmic rays very high energy particles which perme-
ate space

Van Allen trapped particies found in two zones

belts about the earth’s geomagnetic axis—
the lower maximum consists of protons
and electrons, the upper maximum is
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Nuclear Radiation (Concluded)

put of an ionization chamber, or it may be measured
directly by analyzing the chemical change produced
in certain compounds. In some materials (glass is a
good example), the total dose may be determined by
measuring the increase in optical density, which is
directly related to the number of ionizing events.

Neutrons are detected and measured with a modi-
fied ionization chamber. Easily captured neutrons are
detected by observing the energetic charged particles
released in a selected transmutation. Faster neutrons
are observed by transferring some of their energy to
an easily detected charged particle. The output signal
is proportional to the magnitude of the neutron flux.

The total number of neutrons (integrated flux) is
determined by analyzing the interactions in selected
materials. The energy ranges over which many trans-
mutations occur are well defined. By selecting appro-
priate transmutations, it is possible to measure the
magnitude and to define the spectral content of a
neutron flux,

The gpectral distribution and content of an ioniz-
ing radiation field is defined by filtering and noting
the magnitude of the interaction. The spectrum of
ionizing radiation is defined by its ability to pene-
trate. Soft or low energy radiation can be stopped CPYRGHT
(filtered) by a thin layer of material. Hard radiation
requires thicker layers. Heavy charged particles
create more ionization in a short path than electrons
and gamma rays. Thus, the amplitude of the output
signal of an ionization chamber device and the filter
thickness describe a field of ionizing radiation.

In all measurements of radiation, though, the field
is described indirectly. The flux is determined by
what happened in a selected, calibrated situation. The
radiation field itself is only inferred from the meas-
urement. For this reason, considerable care must be
used in interpreting radiation field measurements.

Conclusion

The design of reliable, radiation resistant electronic
equipment is much the same as designing equipment
to withstand drop tests, shake tests, and mishandling.
Nuciear radiation acts throughout a system on all its
parts, and its effects are complex. Most of the macro-
scopic effects may be analyzed in terms of the funda-
mental effects. As a result, nearly all nuclear radia-
tion effects can be predicted.

The designer of reliable, radiation tolerant elec-
tronic equipment needs to know what nuctear radia-
tion is, how it is measured, and what its effects are.
With this information and a clear definition of the
requirements, the challenge can be met.

It is the author’s privilege to acknowledge the assis-
tance and valuable aid rendered by J. D. Jordan, S. E.
MecCallum, A. D. Sanders, E. D. Greene, and many
others. Their efforts and interest are greatly appre-
ciated.

Published information such as the above article
about nuclear radiation are listed by the Radiation
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This is the second article in our planned series
about pulsed nuclear radiation effects.
Here we learn how pulsed radiation affects

insulating materials, metals, semiconductor materials, gases,

and other electronic materials

as an oid in designing radiation-proof equipment.

Effects of Nuclear Radiation

on Electronic Mai'erlals

CPYRGHT

By Dr. V. R, HONNOLD
and Dr. C. W, PERKINS

Ground Systems Group
Hughes Aircraft Co.
Fullerton, Calif.

HE study of nuclear radiation effects on materials

is now an important subject. There are two gen-
eral types of environments. In the first, the interest
is in the long term, more-or-less permanent, effects of
high energy irradiation on materials, usually in the
neutron and gamma ray flux of a reactor, In the
second, the interest is in the transient behavior of a
material or electrical component in the high intensity
time-dependent flux of a nuclear weapon.

Interest in transient radiation effects comes from
the need for information on the behavior of military
systems in this type of environment. It consists
primarily of a short, prompt, intense pulse of gamma
rays and a slower, broader pulse of fast neutrons. It
would be an unnecessarily severe restriction to have
to rely solely on nuclear weapons tests to provide the
environment for experiments. We can simulate, in
part, this environment in the lab. by the use of pulsed
reactors. From the standpoint of permanent radiation
damage, the pulsed reactor is also useful because it
provides high doses without the thermal effects and
the thermal neutron environment of a steady state
reactor.

For transient radiation effects, the prompt gamma
ray pulse is reasonably simulated with a linear elec-
tron accelerator, in which the electron beam is con-
verted to gamma rays by the process of bremsstrah-
lung in a high-Z target. For this purpose, accelera-
tors have been designed which stress a high current
electron beam in order to obtain high intensity bursts
of gamma rays.

Radiation Effects in General

There are several effects of nuclear radiation that
are common to all materials. These will be discussed
first. Then, effects characteristic of particular mate-

Approved For Release 2000/08/28 : CIA-RDP66R00546R000200060024-2
Reproduced with permission of ELECTRONIC INDUSTRIES.

rials, insulators, semiconductors, and metals will be
discussed in more detail.

Neutrons and gamma rays, that make up the nuclear
radiation flux, in their interaction with matter behave
in distinetly different ways. The neutron, since it is
an uncharged particle, will not interact with the
electron shells of atoms. Instead, a fast neutron (de-
fined as one with a kinetic energy in the range of
one million electron volts) will lose energy in collisions
with the nuclei of the atom. In these collisions, suf-
ficient energy is usually imparted to the struck atom
to dislodge it from its proper place in the lattice of
a solid. This struck atom, termed the primary “knock-
on,” may, in turn, have enough kinetic energy to
dislodge secondary atoms which, in turn, will cause
further displacements, so that a cascade process
results. Calculations indicate,? for example, that the
mean number of displaced atoms per primary knock-
on in carbon, due to reactor irradiation, is 900.

In contrast, for the case of gamma rays, inter-
action with the atomic electrons rather than the pro-
duction of displaced atoms is the important effect.
This interaction takes the form of excitation and
ionization of the atoms. And, as might be expected,
chemical reactions may be induced in the material
under irradiation. With these characteristically dif-
ferent effects in mind, atomic displacements in the
case of neutrons, and atomic ionization in the case
of gamma rays, we may discuss in more detail how
they show-up in insulators, semiconductors and metals.

Insulators

Insulating materials may be subdivided into two
categories: organic and inorganic. In general, radia-
tion effects in the former class of materials are hard
to describe precisely because of their dependence, for

99
February 1962




Approved For Relea‘s.g 2000/08/28
ciNedear Radiation (Continued)

: @RWGBROOS%ROOOZOOOGOOZLZ

The main cause of the relative sensitivity of semi-

example, on environmental conditions and on the rate
at which the radiation is delivered. In the case of
organic insulators, studies indicate that the most im-
portant effects from exposure to radiation are: (1)
cross linking; (2) chain cleavage; and (3) ioniza-
tion.2 An effect that confirms that chemical reactions
are occurring is that gas is evolved during irradiation.
In the case of Teflon and Fluorothene, fluorine and
chlorine, respectively, are evolved. This may cause
corrosive action in surrounding materials.* For
Teflon, additional work* tends to show that there is
also an environmental factor present where the break-
ing strength of this material is concerned. A com-
parison of effects produced by gamma irradiation, in
air and in vacuo, shows that the reduction of breaking
strength is less in the latter case.

Pigg, Bopp, Sisman, and Robinson have studied the
breakdown of insulators in a reactor flux. The time-
integrated neutron flux at which breakdown occurs in
several organic insulators, as determined by them, is
given in Table 1.5

Generally speaking, inorganic insulators are less
susceptible to the effects of high energy irradiation.
The reason being that excitation and ionization in
this class of materials, unlike the organic materials,
does not induce chemical reactions. Instead, the effects
that occur are due to displaced atoms, which are
produced by the neutron component. The effect of the
gamma ray flux in this case is very small. In addition,
the environmental factor is not likely to be important.
For crystalline insulators such as Al,0,, irradiation
causes an expansion of the crystal lattice, which is
manifested as a decrease in density. For integrated
fluxes in the range of 10'® to 102¢ fast neutrons/cm?,
the observed changes were of the order of 1 to 6%."
In the case of materials like porcelain, alumina, and
steatite, exposure to a nuclear radiation environment
results, in general, in a decrease in their sensitivity
and dielectric strength.” Amorphous inorganic ma-
terials like glass also degrade in a high energy en-
vironment, with boron glass being the most sus-
ceptible to damage.

A few words should be said about the effects on
insulators in a transient radiation environment. Where
these materials are used in components and circuits,
the most important effect, at distances where perma-
nent damage is negligible, may be a transient leakage
conductivity induced by the gamma flux. In high im-
pedance circuitry, pulses resulting from this effect can
be disruptive. Experiments show that this becomes
important at gamma fluxes of the order of 10% roent-
gens per second.

Semiconductors

Because of the widespread use of semiconductor
materials, the problem of their behavior in a nuclear
radiation environment is important. A great deal of
effort has been spent in finding the nature of the radi-
ation effects. It is interesting that the information
obtained has aided the solid state physicist in his
search for an understanding of matter. Also, it helps
the engineer to select components that

best n ARRFEVEGROERGIease 2000/08/38

sensitive’ nature of their electrical conductivity. In
general, the production of lattice displacements in this
class of material introduces energy levels in the for-
bidden energy regions of the crystal's energy level
scheme. The net effect of this is to alter the distribu-
tion of electrons and holes in this level scheme, and
so alter the measured equilibrium conductivity of a
semiconductor sample. In addition to this effect of
changing the equilibrium distribution of carriers, the
radiation produced energy levels modify the process
whereby excess carriers recombine. The minority
carrier lifetime, a parameter of importance in the
operation of semiconductor devices, which is deter-
mined by the process, is accordingly affected. For
example, in a sample of 50 ohm-centimeter n-type
germanium, the minority carrier lifetime was observed
to decrease by almost two orders of magnitude as a
result of exposure to 3 x 108 neutrons/cm? of fast
neutrons.® In a similar experiment with gamma rays
from radioactive Co%, an exposure to 2 x 108
photons/cm? produced a similar decrease in lifetime
in another sample of n-type germanium,

The minority earrier lifetime is the semiconductor
parameter most sensitive to radiation., Under pro-
longed exposure to high energy radiation, more pro-
found changes occur in semiconductor properties.
N-type germanium will finally be converted to p-type,
while initially p-type material becomes more p-type.®
In the case of gsilicon, either n- or p-type is converted
to intrinsie.10

N ey e \

Breakdown Exposure

Insulator. Dosage (neutrons/em2)

Polystyrens 1020
- Polyethylene 109
Silastic 80 1019

Sil-X 9 x 1018

Teflon 5 x 1018

- Silicone Rubber 4 x 1018

. Neoprene 3 x 1018

. Formvar 2 x 1018

- Polyvinyl Chloride - 1.9 x 1018

Rubber 1.3 x 1018
g Kel F 1018
% Suprenant A-10 10r7

v Supronant B-10 5 x 1016

A somewhat different behavior can be seen in semi-
conductors under transient high energy irradiation
conditions, in contrast to the case of steady-state
irradiation. It is due to the effect of ionization rather
than to the production of atomic displacements, and
is peculiar to semiconductors. Briefly, a high intensity
pulse of irradiation inecident upon a semiconductor will
create free electrons and holes, just as would a pulse
of light. Since the conductivity of a semiconductor is
proportional to the densities of these carriers, a
transient change of conductivity will result that may
be detected, if means are provided for this type of
measurement, during and after the radiation pulse.
Studies show that the characteristic time of decay of
excess conductivity, produced in this way, is of the
same order of mzbgbnitude as the minority carrier life-

: CliaRDR66RO0HAGRAN020006002402 1y im-
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portance in a pulsed high energy environment. It is
distinet from those persistent effects discussed previ-
ously that are the result of prolonged steady-state

irradiation.

Metals

In contrast to the case of insulators and semicon-
ductors, ionization effects are negligible in metals. The
effect of irradiation is due entirely to atomic displace-
ments and, therefore, the fast neutron component of
a reactor irradiation will be the one of importance.
As explained under General Effects, the fast neutron
will undergo an elastic collision with a lattice atom,
knocking the atom out of its lattice position and giv-
ing it considerable kinetic energy in the process., Addi-
tional displacements are produced; and, to the extent
that the particular physical property of a metal is
determined by defects in its lattice, the property will
undergo a change.

Fast neutron irradiation increases the yield strength
of metals in general. Tensile strength is also in-
creagsed. The extent of the effect, however, depends
apon temperature, and radiation damage may be re-
duced or removed by proper annealing. Two examples
of irradiation effects in metals are as follows: An
increase in the critical shear stress from 0.241 to 2.00
kg/mm? occurred in a copper single crystal for a fast
neutron exposure of 2 X 108 neutrons/cm2.1° SAE
1019 steel was bombarded with 18.6 Mev deuterons
and a change in the brittle property was observed
through a change in the transition temperature from
—-1°C to 18°C. %

Gases

Only a very small amount of work has been reported
on the effects of radiation on gases. Some experiments
on the polymerization of acetylene and ethylene gases
have been done at Yale University. There is also some
work that indicates that carbon dioxide is decomposed
by ionizing radiations. Such decomposition may be
expected in gaseous compounds at some level of radia-
tion. As for the elemental gases such as oxygen, nitro-
gen, ete., however, there is little that can happen
aside from ionization. From first considerations, one
would expect appreciable transmutations of the ele-
ments only at very high thermal neutron doses.

From the standpoint of transient radiation effects,
the ionization of gases can be important. In particu-
lar, the ionization of the air around components and
circuits leads to leakage currents of significant values,
in high impedance circuitry, at gamma fluxes of the

“order of 10% roentgens/sec.
Miscellaneous Materials

Aside from the effects of radiation on the perform-

ance of insulators, conductors, or semiconductors,

there are a few materials used in electronics because
of other properties such as magnetic permeability,
dielectric polarizability, and piezoelectricity. In gen-
eral, the transient radiation effects in these prop-
erties are negligible, but reactor radiations usually
result in gsome measurable degree of permanent
damage,

Among the ferromagnetic materials, ferrites have
shown no permanent effects, while the metal alloys
suffer considerable damage.!! Supermalloy seems to

max the least affected. The latter alloys show a 509,
increase in coercive force and a small decrease in
initial permeability. Some Mo-Permalloy materials
show a decrease as much as 80% in initial permea-
bility and a change in the shape of hysteresis loop.

There have been a few experiments with ferro-
electric materials, which are unique for their high di-
electric polarizability. Tetragonal crystals of barium
titanate are converted to the cubic form at’1.8 x 102%
fast neutrons/em* because of atomic displacements.1®
This greatly reduces the dielectric polarizability. Some
work with ceramic disk capacitors, using dielectries
of barium titanate and lead titanate zirconate com-
pounds, show that gamma radiations may reduce the
capacitance by as much as 10%, along with a decrease
in the dissipation,18

Quartz crystals were tested for radiation effects in
a number of ways. There is little evidence of an
appreciable transient radiation effect in the work done
with pulsed radiation sources. Permanent effects have
been observed with steady state reactor radiations.!4
This effect consists of a large change in the resonant
frequency of the crystal. No such change was found
in tests with a pulsed reactor. This indicates that the
large thermal neutron flux of the steady state reactor
is largely responsible for these effects. However, large
doses of x-radiation cause permanent changes also.
Certain cuts are more susceptible than others. Bottom
and Nowicki'® found that AT, AC, and DT plates,
irradiated to saturation with x-rays were little
affected. BT and CT units on the other hand were
appreciably affected.

Some capacitor dielectrics experience physical
changes which may result in rupture or destruction
of the eapacitor. Liquid dielectrics, for instance, may
show some solidification or a decomposition into acids
and gases. Electrolytic capacitors are particularly sus-
ceptible, showing both a transient breakdown to pulsed
radiation and permanent damage due to physical
changes in the dielectric,
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Requirements for radiation hardening are
reviewed in relation to military requirements,
Problems connected with

the evaluation of parts during

and after irradiation are discussed.

A review of the state of the art

for nuclear resistance parts is covered.
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NUCLEAR BLAST EFFECTS
ON COMPONENTS
& EQUIPMENT

No. 4 in EI's Series on Nuclear Radiation

MILITARY ELECTRONICS must

ate reliably, accurately, and dependably in nuclear

EQUIPMENTS oper-
environments. The design and development of elee-
tronic equipment, the performance of which under
field use will not he affected deleteriously by nuclear
radiation, must he based upon the results of thorough
investigations of the vulnerability and reliability of
the electron devices used in equipment, when sub-
jected to nuclear radiation.

A program for the improvement of clectronic com-
ponents for the nuclear environment is now being
pursued by the Signal Corps. Tt was found that
statistical data for use in equipment applications
were severely lacking in many areas. In fact, ex-
perimental data on the behavior of electron tubes in
complete circuits were also found to he very limited.
Acquisition of these data in depth is now bheing
planned.

Effects of Radiation on Parts

Let us now examine cach of the classes of clec-
tronic piece parts, determine the state of the art and
the areas which need further investigation,

Electron Tubes

In general, electron tubes exhibit radiation toler-
ances superior to those of other piece parts. Infor-
mation on the behavior of tubes in a steady-state
radiation environment is abundant. Effects such as
discoloration of glass, fractures of glass, and failure
of glass-to-metal seals are major factors in tube mal-
functions in a steady-state radiation environment.
Investigations have shown that soit glasses and high-
temperature hard glasses, such as alumina-silicate
glasses frec of boron, are more radiation resistant
than hard glasses' containing boron (Nonex and Py-
rex). The use of metal-ceramic seals and the elim-
ination of glasses containing boron have shown the
possibility of raising the nuclear radiation tolerance
levels up to 10V7-1018 n/cm®.

Part of this information was gained during the
Adreraft Nuclear Propulsion (ANP) program. Cer-
tain types of clectron tubes, after exposure to a
steady-state nuclear reactor enviromment, consis-
tently had fractures in the glass or gas leaks after
Corrclation  between  these
effects and the different types of tubes was not in-

Jong-term  irradiation.

itially apparent to the groups performing these cx-

Fig. 1: Typical transient response of electron tube during 60 microsec. radiation pulse.

ﬂi) 0.5MS/CHM —tm

By LOUIS L. KAPLAN
and RICHARD G. SAELENS

U. S. Army Signal R. & D. Lab.
Fort Monmouth, N. J.
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periments.  However, to those

familiar with electron tube de-
sign and fabrication, it was quite
evident that the glass fractures
and gassing were occurring in
certain types of glass envelopes.
This failure could he attributed
to the type of glass rather than
the type of tube, Hard glasses
containing boron were causing
the glass fractures and gassing.
Neutron interaction with atomic
horon caused glass fractures. In-
itially, only small leaks at the
nietal-to-glass interfaces occurred,
which resulted in leakage into the
tube. llowever, as the damage
hecame more severce, failure of
the glass ensued. A similar meth-
od of analysis, it is believed, will
lead to the final solution of ‘the
pulsed nuclear radiation damage
problem. However, cach of these
investigations requires much time,
numerous manhours, and the
availability of proper exposurc
facilities,

In contrast to the permancnt
damage observed in electron
tuhes at steady - state reactors,
only transient changes have heen
recorded during pulse - type ex-
posures. A typical transient per-
turhation in an electron tube ex-
posed in a pulse environment is
shown in IFig. 1. The trace rep-
resents the transient change in
the ac gain.

The information on pulse radi-
ation cffects o tubes has heen
limited to a few types and for a
very small samiple size of cach
type. Statistical information is

Fig. 3: Photo of typical changes in tran-
sistor parameters during radiation pulse.
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Fig. 2 (above): Shown is the radiation
dosage at which a pertinent parameter
of a solid state device will fall to one
halt value.
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Fig. 4 (below): Graphs show the esti-
mated effects of nuclear radiation on
various resistors.
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Semiconductor Devices

Permanent radiation damage in semiconductors is

el o

Tl e e e e = frret

lacking on many types of tubes, including micro-
wave devices of all types, power tubes, ferrite devices,
etc. Programs have been initiated by the USASRDL
to investigate the magnitude of the problems asso-
ciated with these special groups of devices. Specifi-
cally, studies are being. conducted on the effects of
nuclear radiation on a voltage-tunable magnetron.?
This study is directed at one specific device. Later
other types, which are representative of this category
of devices, will be evaluated in radiation environ-
ments, and efforts for improvement started. A pro-
gram is also underway to find the effects of pulse
nuclear radiation on a ferrite duplexer.?

Several programs are also in progress to find the
basic mechanisms which produce transient radiation
effects in tubes. Before radiation-resistant devices
are developed, it will be necessary to fully under-
stand the basic interaction between nuclear radiation
and the electron tube materials, and electron tube
operation. A program is now underway to ascertain
the quantity and type of gases evolved in tubes dutring
a pulse nuclear radiation.* Another comprehensive
program has been started to investigate such phe-
nomena as radiation-induced conductivity in tube
insulating material, secondary electron emission
from tube material, and correlation studies hetween
effects, radiation rate, and spectrum.®

Fig. 5: Interior of a
radiation effects mo-
bile laboratory used
by Signal Corps at Ft.
Monmouth,

o

in the crystalline lattice structure. Impurity atoms
are formed, vacancies and interstitials thus created
change the clectronic equilibrium in transistor oper-
ation. The degree of permanent change is propor-
tional to the total integrated fast neutron dose, and
varies with materials and construction. Transient
effects in transistor operation are caused by the in-
teraction of gamma radiation with orbital electrons,
and ionization resulting from atoms which are dis-
placed by fast neutrons. Because of the large mobil-
ity of these electron-hole pairs, effects exist only as
long as the source of jonization or radiation is pres-
ent. Thus, a transistor exposed to a pulse of mixed
radiation will exhibit both a transient and permanent
change after exposure. The permanent change may
anneal-out in seconds, minutes, or days.

In some complex military electronic systems a
change in device parameter, lasting in the order of
seconds, cannot be tolerated. Also, when the tran-
sient and permanent changes in transistors are cou-
pled with the transient changes in resistors, capaci-
tors, insulators, etc., serious difficulties can arise.

In general, it can be stated that h-f germanium
devices are many time more superior in radiation
resistance than low-frequency or power silicon de-
vices. A chart depicting this range in devices is
shown in Fig. 2. This chart represents the radiation
dosage at which a pertinent parameter will fall to
one-half its original value. As can be seen, a spread
exists through 3-4 orders of magnitude.

Some typical results of transient effects in semi-
conductor devices are shown in [fig. 3. The top
trace is the change in forward current transfer ratio
My, while the lower trace is the transient change
in leakage current [gp. Note the permanent change
in Hpp This particular device is a h-f germanium
switching type. The results are part of the data ob-
tained during a recent Signal Corps experiment at
a pulsed reactor, where about 500 solid state devices
(20 types) were exposed to the pulsed nuclear en-
vironment. This experiment was done to ascertain
the radiation damage vulnerability of some of the
most recently developed solid state devices. In addi-
tion, the relatively large number of each type of
device will provide a basis for statistical analysis.
With this type of information, it will be possible to
plot curves showing data on variations and confi-
dence limits of each type of device. The equipment
designer can then use this information for the selee-
tion of components which must operate in i radiation

9
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cnvironment and compensate for the perturbation.

Additional theoretical studies are heing conducted
to define the basic mechanisms which produce tran-
sient effects in transistor operation.® Early device
improvement studies have resulted in prototype mod-
els which have radiation resistance to orders of
magnitude higher than the same devices of previous
design.”

More research is needed on some of the new ma-
terials being used in semiconductor construction.
Concomitant with the new materials, newly de-
veloped devices must be evaluated in a pulse radia-
tion environment. At present, much of the available
information is unreliable due to errors attributed to
the manner of data acquisition. Many times tlie
spread of data is so wide that the data cannot be
used by the equipment designers. Experiments to
he conducted in the future should be designed using
statistical methods, proper sample sizes, techniques,
etc., including dosimetry,

Resistors

Present information on the effects of steady-state
nuclear radiation on resistors shows that the ranking
of tolerance is as follows: wire wound, nictal film,
carbon film, and carbon composition, The threshold
for damage for carbon composition is 10" n/cm?,
while wire wound resistors can withstand exposures
up to 10" n/cm®. Early data on the effects of tran-
sient nuclear radiation on resistors showed that the
major problem was due to shunt leakage paths across
the resistor caused by air ionization. This has since
heen shown to be only one of the contributing fac-
tors. [xperiments are being performed to learn the
significance of variables such as physical size of re-
sistor, ohmage value, applied voltage, and manufac-
turing processes.

A brief summary of the data which exist on re-
sistors in a radiation environment is shown in TFig.
4% When using this chart, it must be realized that
the definition of failure in these cases is somewhat
arbitrary. Many conditions and factors influence the
judgment of whether a resistor has cxceeded its
critical parameter tolerance. The chart does not rep-
resent any single experiment or manufacturer’s type
of resistor. '

More research is needed to determine the signifi-
cance of cable effects on resistors during experi-
ments, During some experiments, the same effect is
observed with or without the resistor at the end of
the cable. Statistical data are lacking on variations
in resistor effects in relation to the manufacturer,
More experimental data are needed on thin film re-
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Fig. 6: Typical test head for transient radiation effects studies.

sistors. Standardization and improvement of meas-
uring techniques are also needed.

Capacitors

A brief summary of the effects of nuclear radia-
tion on capacitors and their tolerance is given as
follows:

Ceramic Dielectric Capacitors: Ceramic capacitors
exposed to a total integrated neutron dose of 1.3 x
10'® n/em? and 2.5 x 10 ergs g™* (C) showed in-
creascs in capacitance of between 3.7 and 18.8% of
their initial value. Upon removal from the radia-
tion ficld, the capacitance generally returned to with-
in its original tolerance value. Ceramic-type capaci-
tors exposed to pulse nuclear radiation levels of 107
fast n/cm2scc and 10° ergs gt (C) sec? showed
negligible transient cffects during the radiation pulse.
Permanent changes varicd between —3.2 and +-8.7%.

Glass Dielectric Capacitors: Glass and vitreous
enamel capacitors exposed to an integrated neutron
dose of 2.5 x 107 fast n/cm? and 6.1 x 10 ergs g*
(C) showed changes in capacitance of 4-2% or less,
and decreases in insulation resistance of 2 to 3 orders
of magnitude during irradiation. Pulse radiation ex-
periments (Godiva reactor) on glass capacitors have
shown little or no effect on their electrical character-
istics.

Mica Dielectric Capacitors: Mica capacitors ex-
posed to an integrated fast neutron dose of approx-
imately 10" n/em? and 5.7 x 10% ergs gt (C)
showed only small changes during irradiation. How-
ever, these changes remained after removal {rom the
radiation field. Pulse nuclear radiation (Godiva
reactor) has shown little effect on mica capacitors.

Paper & QOil-Impregnated Paper Dielectric Ca-
pacitors: Paper and oil-impregnated paper capaci-
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Sandia Pulse Reactor to detect changes in magnetic

tors have shown significant changes at integrated
neutron doses of about 108 n/cm? and 2.5 x 101°
ergs g' (C) gamma radiation. In almost all cases,
the electrical characteristics of this type capacitor
were beyond tolerance levels. In general, these ca-
pacitors are more sensitive to radiation than the in-
organic types by factors of from 100 to 1000,

Plastic Dielectric Capacitors: Inorganic dielectric
type capacitors are superior to the plastic dielectric
type by a factor of 10. The capacitance of a plastic
diclectric capacitor increased about 14% after ex-
posure to 7.2 x 10'® n/cm? and 6.1 x 10 ergs g™!
(C) gamma units. No permanent changes were ob-
served.

Electrolytic Capacitors: Changes in capacitance
have varied between -9.7% and +25% for tan-
talum capacitors, and —6,0% and -65% for alumi-
num-type capacitors. The neutron and gamma dose
ranged between 3.4 x 10'® n/cm? (5.7 x 108 ergs gt
(C)) and 2.5 x 10*® n/cm? (44 x 10 ergs gt
(C)). Changes have been observed in tantalum ca-
pacitors in a pulse radiation environment. Ilowever,
it was considered that these changes were attributable
to other causes,

Quartz Crystals

Effects observed early in the program on quartz
frequency control crystals were later attributed to
shunt leakage paths. More recently, transient effects
were observed in the CR-18, CR-52, and CR-56
military-type crystals at the Godiva II reactor and the
Linac. These effects were evidenced by phase changes
ranging between 10° and 90°, lasting up to at least
5000 ps. Experiments conducted at steady-state
reactors indicate that aluminum-plated crystals are
less susceptible to radiation damage than gold and
silver-plated crystals. Damage levels vary between
10 n/cm? to 10'® n/cm?, Manufacturing processes
appear to be an important factor in the degree of
effect,

More research is being performed to learn the
effects of short pulses of neutron and gamma radia-
tion on quartz crystals.!® Experimentation is needed
to provide statistical information from which theories
as to the mechanism of the radiation damage can
be formulated.

Magnetic Materials"
Ferrite cores exposed to a neutron dose of 1.6 x
10'" n/cm? at a steady-state reactor showed no per-
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manent change. Experiments were conducted at the

10000 . e
coremaTTTT "

dose during these exposures was about 2 x 102
n/em? E > 2.5 Mev. Mg-Mn ferrite (wide tempera-
ture range) memory cores, Cr-Mn-Ni-Zn ferrite and
4-79 Permalloy-type switching cores showed no
variations due to irradiation. Transient effects were
not observed in 4-79 Mo-type Permalloy tape (logic
However, post-test voltage measure-
ments showed a- 30% decrease. Permanent damage
measurements, performed several days later, indi-
cated the 4-79 Permalloy tape had returned to its
original state. The post-test voltage decrease may
have been caused by a drive current change. Mg-Mn
ferrite memory devices have shown some changes
Post-irradiation measure-

application).

during radiation pulse.
ments indicated no permanent changes.

More experimentation is needed to clarify discrep-

ancies observed for certain types of devices.

The foregoing review of the damage in electronic
piece parts exposed to nuclear radiation, pulsed or
steady-state, has been very limited for various rea-
sons, including scarcity of reliable information. In
fact, one class of problem has heen completely
omitted, and that is activation of piece part miate-
It is obvious that nuclear activation of mate-
rials in piece parts could cause problems over and
above either interrupted operation or actual failure
For instance, the creation of a long-lived isotope
could prevent the repair of these electronics for long
periods of time. A case in point is the use of kovar

rials.

Fig. 7: A magnesium oxide radiation detector for testing use.
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in tuhes. This alloy contains cobalt which, when acti-
vated, produces the cobalt-60 isotope—a very hot
material with a long half life. Problems of this type
are being studied in a Signal Corps contract with
Stevens Institute of Technology.?

At present, the Radiation Effects Information
Center (REIC) at Battelle Memorial Institute,
Columbus, Ohio, has been designated by the Depart-
ment of Defense (DOD) as the information colla-
tion agency for work covering pulsed radiation effects
on electronics. This group has published a number
of general reports on the effects of nuclear radiation.
In the future, REIC plans to issue a handbook on
nuclear effects information for electronic equipment
designers. This book will be a working tool. It will
be modified in time to include more information as
it becomes available.

Problems Connected With Evaluation

The main problem to an investigator evaluating
nuclear effects on piece parts is the scarcity of valid
information. This scarcity is due to a severe lack of
exposure facilities in the past. Also, the geographi-
cal location of most of the existing pulse radiation
facilities, and the inherent hazards of the radiation
environment, create many difficulties which are not
found in similar environmental laboratory-type ex-
periments. A brief review and description .of the
pulse radiation facilities which are being used are
given below.

Sandia Pulse Reactor Facility (SPRF): The
SPRFT, located at the Sandia Corp., Albuquerque,
N. M., is a reactor similar to the Godiva II which
was used for radiation cffects experiments at the
T.os Alamos Scientific Lab. In fact, the SPRT
reactor is identical to the Godiva II except that in-
creased reactivity is available, and additional safety
factors have been added.

TRIGA—Mark F (General Atomic): Several
TRIGA reactors are in operation in addition to the
TRIGA facility at General Atomic, Torre Pines,
Calif. These reactors are located at Diamond Ord-
nance Fuze Lab., Washington, D. C.; Armed Forces
Radiobiology Research Institute, Bethesda, Md.; and
Norair Div. of Northrop, Hawthorne, Calif. The
TRIGA reactor produces high integrated neutron
doses. Ilowever, because of its millisecond pulse
width, it is not useful for all electronic piece parts
and equipment. :

KEW B Reactor (Atomics International (Al) Div.
of North Amcrican Aviation): The KEWB reactor
is located at Conoga Park, Calif., and was developed
by Al. The KEWB pulse width is in the millisecond

Fig. 8:

Radiation Levels Qutlined in MIL Standard 446A

ENVIRONMENTAL GRP. GRP. GRP.
CHARACTERISTICS v Vi Vil
Nuclear Radiation (Reactor)
Neutron Flux Level (Fast,
E> 10 Kev.)
Intensity, n/cm2-Sec NA 1010 1010
Time, Hours NA 1,000 1,000
Gamma Flux Level ,
Intensity, R/hr NA 5x108 65x108
Time, Hours NA 1,000 1,000
Thermal Neutrons kb b
Nuclear Radiation (Pulse)
Neutrons (Fast, E> 10
Kev.)
Tota! Dose, n/fem2 1013 1013 NA
Duration, Half
Amplitude, Sec. bx10-8 to 5x106 to NA
6x10~2 5x102
Gamma
Peak Intensity, R/Sec. 108 108 NA
Duration, Half
Amplitude, Sec. <10-8 <1075 NA

**+* Thermal Neutrons are not listed as a requirement but,
since all neutron fluxes have some thermal component, this
component should be measured and reported with all tests.
Tn no case should the total thermal neutron dose exceed the
fast neutron dose by more than a factor of ten.

region and, therefore, the integrated neutron doses
are high. However, the use of the KEWB is not
feasible for short pulse width type effects experi-
ments,

White Sands Missile Range Godive II Reactor:
This reactor is to be constructed at the WSMR, and
will be a type similar to the Sandia rcactor. The
reactor will be used for specific types of missile elec-
tronics evaluation programs.

Linear Accelerators: Several Linacs are available
for short pulse width type radiation effects experi-
ments. These Linacs are located at Renssclaer Poly-
technic Institute, Troy, N. Y. (45 Mev); Hughes

Aircraft, Fullerton, Calif. (10 Mev); General
Atomic, Torre Pines, Calif. (45 Mev); and WSMR
(10 Mev).

The large usc factor planned for the various
facilities, and their location in the western part of
the U. S., has led to consideration of more facilities,
mainly for advanced Godiva-type reactors. These
would be capable of producing neutron outputs one
to two orders of magnitude above those of conven-
tional Godiva-type reactors, and at shorter pulse

widths. These include:
Army Pulse Reactor—Aberdeen (ARPA): This
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facility, proposed to be located at Aberdeen Proving
Ground, Aberdeen, Maryland, would be mainly foi
use by the Army Ordnance Corps, Army Chemica
Corps, and the Signal Corps, as well as by elec
tronic component manufacturers located within g
200-mile radius of Aberdeen Proving Ground.
Proposed New York State Pulsed Reactor: Thq
State of New York, in cooperation with a numbey
of manufacturing groups in that State, are now
studying the possibilities for use of a pulsed reactos
of the beyond-Godiva type. A consultant engineering
firm has been employed to complete the study and
make recommendations for a facility, which will bq
partially financed by the State of New York.
General Electric Company Reactor: The Genera
Electric Co. has been studying the possibility o
constructing a beyond-Godvia pulsed reactor for usg
in their radiation effects program, and for genera
use by other electronic equipment contractors. Ng
definite decision has been reached to date as to thq
location of such a facility.

Radiation Effects Mobile Lab (REML)
FFrom the description and location of the presently
available facilities, the varied exposure requirements|
and the long delay expected in obtaining the planneq
reactors, it becomes evident that the piece part
electronic monitoring equipment associated with thi
program must be made completely mobile. Also, th
equipment must be shock-mounted to withstand
transportation environments for multi-thousand mil
trips. The equipment must also be completely re
liable, since limitations in on-site pre-experimentaf
time virtually preclude the possibility of troubl
shooting equipment malfunctions at the site. A
example of the type of fully equipped vehicle whic;l
is being used in radiation effects experiments by th
‘Signals Corps is shown in TFig. 5. This particula
trailer, referred to as the Radiation Effects Mobil
Laboratory, is one of the most complex instrumen
tation vehicles now in use. With the instrumentatior
in the REML, it is possible to monitor 90 channel
of dynamic information at one time. This instru
mentation system is needed because of the larg

A REPRINT OF THIS ARTICLE CAN BE OBTAINED
by writing on company letterhead to
The Editor
ELECTRONIC INDUSTRIES
Chestnut & 56th Sts., Phila. 39, Pa.
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experiment. The number of devices is predicated on

the minimum sampling of devices which will provide
statistically valid information.

To determine the effects of nuclear radiation on a
single component, such as an electron tube or transis-
tor, etc., all associated circuitry must be completely
shielded from the radiation field. The intense radia-
tion fields from a pulse reactor necessitate that ex-
treme precautions be taken to preclude effects on
monitoring equipment and associated circuitry.
Transient effects noted during some early field ex-
periments at pulsed nuclear reactors were later
found to be attributable to the effects of an air capaci-
tor oscillator, which was part of the instrumentation
equipment, Extreme care must be taken to eliminate
all extraneous phenomena, such as cable effects and
air ionization, which cause shunt leakage, etc. The
latter effect can be reduced by potting the test chassis
with paraffin or other solid dielectrics, as shown in
Fig. 6, or by immersing the sample in oil.

Dosimetry is also an area in which deficiencies
exist. The radiation levels to which a device is ex-
posed must be known before any correlation or
analysis is possible. Many times it is impossible to
determine the dose or dose rate at the exposure sam-
ple and, therefore, only mean values are available
necessitating extrapolation which adds more errors.
Dosimetry is rapidly advancing, and devices such as
the Magnesium Oxide Radiation Detector (MgO-
RAD), developed by one of the authors (R. G.
Saelens), and shown in Fig. 7, as well as the SEMI-
RAD, developed by Dr. S. Kronenberg and Mr.
H. Murphy of USASRDL, are helping to alleviate
some of these problems.

Difficultics have also arisen in correlating transient
changes in electron device operation to the type of
incident radiation, i.e, neutron and gamma. The
size of many detcctors precludes measurement of
radiation levels at the same position as the exposure
sample and, therefore, one must extrapolate to find
the exact dose level to which the part has been
exposed.

It should be mentioned that gamma as well as
neutron radiation effects must be considered. The
cause of transient radiation effects on many com-
ponents has been attributed to gamma radiation.
Accurate and dependable data about damage caused
by gamma radiation on piece parts are scarce. How-
ever, work is now being stressed on materials effects,
and further tests on piece parts are planned. In
general, it can be said that the damage threshold for

piece parts ranges from 104 10 108 R /sec
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Reliability of Electronic Systems
The Signal Corps Laboratory is approaching the

nuclear environment problem in a manner similar to
that used in solving the high shock and vibration
problems of the early fifties. After much effort, it
was learned that the best approach to high shock
and vibration environment reliability was to first
learn the capability of the individual piece parts.
Later this information on parts was extrapolated
into an equipment or black box capability. At this
time, new problems pertaining to the equipment itself
appeared. For example, resonances occurred in the
main structural members of the equipment itself,
which caused large g levels to be transmitted to
the piece parts, resulting in early failure. Since no
structure could be made abhsolutely resonance-free
and serve the other purposes for which it was in-
tended, compromises were necessary. On the one
side, attempts were initiated to reduce the occurrence
and intensity of the resonance, and on the other hand
to harden the piece parts to the enhanced environ-
ment. The success of this approach has been docu-
mented, and it is now in general use.

Standardization

To insure a successful program for the develop-
ment of radiation-resistant electronic components, a
standard must be established by which all electronic
parts and systems can be measured. Since the elec-
tronic piece part is the basic building block in sys-
tems reliability, if criteria are established for the
piece parts, then the equipment designer must carry
through under the same standard. DOD is aware
of this need, and a preliminary standard has been
prepared for the guidance of military electronic de-
signers. This document, known as MIL-STD 446,
was prepared in April 1959, and revised in Novem-
ber 1960 as MIL-STD 446A. It is under the cog-
nizance of the Armed FForces Supply Support Center,
Washington 25, D. C.

The express purpose of this document is to estah-
lish uniform environmental design requirements for
use in planning of R&D programs, and to provide
a guide for use in the preparation of military speci-
fications and standards involving electronic parts,
tubes, and solid state devices. This standard has
been approved by DOD, and is mandatory for use
in R&D. Fig. 8 shows the nuclear environmental re-
quirements as indicated in the MIL-STD 446A.
Categories shown are defined in the document as
follows :

Group IV covers that group of electronic parts,
tubes, and solid state devices for use in electronic

equipment of high performance aircraft and surface-
to-air and air-to-air missiles.

Group VI covers that group of electronic parts,
tubes, and solid state devices for use in electronic
equipment of nuclear powered aircraft and ballistic
missiles,

Group VIII covers that group of electronic parts,
tubes, and solid state devices for use in electronic
equipment of nuclear powei‘ed weapons.

Standardized paragraphs cover the measurement
of the nuclear environment, and the criteria of
failure are also included in MIL-STD 446A.

Conclusion

It is apparent from the foregoing that a large
and growing effort has been mounted by DOD to
harden, for certain specialized applications, elec-
tronic systems for the nuclear environment. The
program has now reached a point which shows much
progress and excellent planning toward achieving the
end goals. The expanding work now requires the
inclusion of many other commercial electronic devel-
opment and research organizations, Without a doubt,
most of those which have not been involved in this
problem to date will be exposed to it shortly. Unless
preparations are made now, these companies will find
themselves badly handicapped in responding to the
growing DOD nuclear environment requirements.
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